Calponin binds G-actin and F-actin with similar affinity  by Ferjani, Imen et al.
FEBS Letters 580 (2006) 4801–4806Calponin binds G-actin and F-actin with similar aﬃnity
Imen Ferjania,d, Abdellatif Fattoumc, Sutherland K. Maciverb, Mohamed Manaid,
Yves Benyamina, Claude Roustana,*
a UMR 5539 (CNRS) Laboratoire de motilite´ cellulaire (Ecole Pratique des Hautes Etudes) Universite´ de Montpellier 2, Place E. Bataillon,
CC107, 34095 Montpellier Cedex 5, France
b School of Biomedical and Clinical Laboratory Sciences, Division of Biomedical Sciences, College of Medicine, University of Edinburgh,
Hugh Robson Building, George Square, Edinburgh EH8 9XD, Scotland
c Centre de Recherches de Biochimie Macromole´culaire, FRE 2593 (CNRS), 1919 rte de Mende, 34293 Montpellier Cedex 5, France
d Unite´ de Biochimie et Biologie Mole´culaire, Faculte´ des Sciences de Tunis, Campus Universitaire 2092 El Manar, Tunis, Tunisie
Received 4 May 2006; revised 30 June 2006; accepted 24 July 2006
Available online 4 August 2006
Edited by Judit Ova´diAbstract Calponins are actin-binding proteins that are impli-
cated in the regulation of actomyosin. Calponin binds ﬁlamentous
actin (F-actin) through two distinct sites ABS1 and ABS2, with
an aﬃnity in the low micromolar range. We report that smooth
muscle calponin binds monomeric actin with a similar aﬃnity
(Kd of 0.15 lM).We show that the arrangement of binding is sim-
ilar to that of F-actin by a number of criteria, most notably that
the distance between Cys273 on calponin and Cys374 of actin is
29 A˚ when measured by ﬂuorescent resonance energy transfer,
the same distance as previously reported for F-actin.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Calponins (CH) are a small group of widely expressed actin-
binding proteins [1,2]. Three vertebrate calponin isoforms have
been identiﬁed: the basic, h1, the neutral, h2 and the acidic iso-
form, h3. Calponins h1 and h2 are expressed in smooth muscle
cells whereas h3 is expressed in smooth muscle and in non-
muscle cells, particularly neurons [3]. Calponins are well char-
acterized components of the smooth muscle thin ﬁlament
where they are suggested to regulate interactions between actin
and myosin II. Calponins also interact with a number of other
thin ﬁlament regulatory proteins (reviewed [2]), through the
‘‘regulatory region’’ [4]. This short region (145–182) contains
binding sites for actin [5], and gelsolin [6] in addition to sites
for tropomyosin, S100B, calmodulin and caltropin (reviewed
[7]). There is likely to be competition between the various bind-
ing partners for this small site as there are so many potential
binding proteins. Furthermore, the binding of several proteins
to calponin is known to be determined by the phosphorylation
of sites within the regulatory region [2].Abbreviations: CH, calponin homology domain; ELISA, enzyme-lin-
ked immunosorbant sandwich assay; PKC, protein kinase C; ERK,
extracellular regulated kinase
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doi:10.1016/j.febslet.2006.07.065In addition to their established cytoskeletal structural/regu-
latory functions, calponins are considered as being potential
players in signal transduction. For example, calponin may
function as an adaptor protein connecting the protein kinase
C (PKC) cascade to the extracellular regulated kinase (ERK)
cascade [8] as calponin binds ERK through the CH domain
[9] and is a substrate for PKC [10]. Upon stimulation with
agents that activate PKC, calponin translocates from the cyto-
skeleton to the plasma-membrane [11], possibly as a complex
with PKC-a [12]. Phosphorylation of calponin by PKC at
Thr184 [13], in the regulatory region, reduces the aﬃnity for
actin [10] and so calponin is thought to leave the actin cyto-
skeleton and bind the membrane through direct interactions
with phospholipids, particularly negative charged lipids, such
as phosphatidylserine and phosphatidylinositol [14].
Calponin is only one of many proteins that bind actin and
these proteins tend to either bind F-actin or G-actin. A few,
such as gelsolin, bind both and we now report that calponin
too is a member of this group since it binds G-actin with a sim-
ilar aﬃnity to that previously reported for F-actin. Binding of
G-actin to the regulatory region is likely to inﬂuence binding
to other partners and so may constitute another level of mod-
ulation over calponin’s function.2. Materials and methods
2.1. Proteins and peptides
Actin was prepared from rabbit muscle acetone powder as previ-
ously described [15] and stored in buﬀer G (2 mM Tris [pH 7.5],
0.1 mM CaCl2, 0.1 mM ATP). Basic calponin (calponin h1) was iso-
lated from fresh chicken gizzards, as reported previously [1,4]. Calpo-
nin was speciﬁcally labeled at Cys273 with ﬂuorescent reagents
(acrylodan or 1,5-IAEDANS) as previously described [16]. The label-
ing ratios were estimated spectroscopically using the following extinc-
tion coeﬃcients: acrylodan = 16400 M1 cm1 at 387 nm and
1,5-IAEDANS = 6200 M1 cm1 at 335 nm. The labeling stoichiome-
try was 0.50 for acrylodan-calponin and 0.80 for AEDANS-calponin.
Calponin was cleaved by chymotrypsin at a substrate weight ratio of 1/
1000 as previously described [4]. Brieﬂy, the resulting two fragments of
22 and 13 kDa were puriﬁed by aﬃnity chromatography on a calmod-
ulin-Sepharose column. The 22 kDa N-terminal fragment was
eluted by 1 mM EGTA, while the 13 kDa C-terminal fragment was
not absorbed on the resin [4].
2.2. Fluorescence studies
Fluorescence experiments were performed at 21 C using a LS 50
Perkin–Elmer Luminescence spectrometer. Spectra for IAEDANS-
labeled proteins were obtained with the excitation wavelength set atblished by Elsevier B.V. All rights reserved.
Fig. 1. Interaction of calponin and its fragments (13 and 22 kDa) with
G-actin monitored by ELISA. A). Increasing amount of biotinylated
G-actin (0–0.9 lM) was incubated with plastic coated calponin (full
squares), 13 kDa (full circles) or 22 kDa (empty circles) in 30 mM Tris,
CaCl2 0.1 mM, ATP 0.04 mM, pH 7.5. The binding was detected on
the microtiter plate by the biotin-streptavidin system (see Section 2).
Inset, digestion of calponin by chymotrypsin at a substrate weight ratio
of 1/1000 [4]. Analysis of the puriﬁed fragments on 12.5% SDS PAGE :
Calponin (5 lg) (lane 1). Calponin N-terminal fragment (22 kDa)
(2.5 lg) (lane 2) and Calponin C-terminal fragment (4 lg) (13 kDa)
(lane3). Molecular weight marker (lane 4) are phosphorylase B
(97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa),
carbonic anhydrase (31 kDa), soybean trypsin inhibitor (21.5 kDa)
and lysozyme (14.4 kDa). (B) G-actin (at 0.3 lg/ml) was immobilised
on ELISA plates and challenged with various calponin concentrations
between 0 and 2 lM as in (A).
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of the emission spectra between 470 and 490 nm. In the particular case
of acrylodan labeled calponin, the area of the emission spectrum was
determined for wavelengths higher than 497 nm (wavelength corre-
sponding to the maximum of ﬂuorescence for calponin alone) that is,
between 500 and 530 nm.
The parameters Kd (apparent dissociation constant) and Amax (max-
imum eﬀect) were calculated by non-linear ﬁtting of the experimental
data points (means of at least triplicate measurements) by using the fol-
lowing equation:
DF ¼ 1=2Amax  ½E1ðð½E þ ½L þ KdÞ  ðð½E þ ½L þ KdÞ2
 4½E½LÞ0:5Þ ð1Þ
In Eq. (1), [E] is the concentration of the ﬂuorescent protein or peptide
and L the ligand concentration. Non-linear ﬁtting was performed by
using the Curve Fit software developed by K. Raner (Mt. Waverley,
Vict., Australia). Additional details on the diﬀerent experimental con-
ditions are given in the ﬁgure legends.
Fluorescence energy transfer measurements were performed as pre-
viously described [16,17] to estimate the distance between AEDANS
on Cys273 of calponin, acting as donor, and acetamidoﬂuorescein on
Cys374 of actin, acting as acceptor, within the G-actin–calponin com-
plex. As we observed changes in the environment of the donor (around
the Cys273 of calponin) in the presence of G-actin, the following rela-
tion was used. Enhancement upon donor excitation in the acceptor
excitation spectrum resulting from energy transfer was used to calcu-
late the eﬃciency
E ¼ ðF 340=F 490  A340=A490Þ  A490=D340 ð2Þ
In Eq. (2), F340 and F490 are the intensities of the excitation spectrum,
A340 and A490 the molar extinction coeﬃcients of ﬂuorescein at 340 and
490 nm, respectively and D340 the extinction coeﬃcients of dansyl at
340 nm.
The distance, R between the ﬂuorophores was calculated using the
equation
R ¼ R0ðE1  1Þ1=6A˚ ð3Þ
In Eq. (3), R0 is the Fo¨rster’s critical distance corresponding to a trans-
fer eﬃciency of 50%. For the present donor–acceptor pair, the R0 value
was 25.7 A˚ as calculated using the quantum yield of the donor equal to
0.011 and J = 1.69 · 1013 M1 cm3.
2.3. Immunological techniques
Enzyme-linked immunosorbant sandwich assay (ELISA), was used
to monitor interaction between coated calponin fragments and biotin-
ylated actin. Fragments (5 lg/ml) in 50 mM NaHCO3/Na2CO3, pH
9.5, were immobilized on plastic microtiter wells. The plate was then
saturated with 0.5% gelatin, 3% gelatin hydrolyzate in 140 mM NaCl,
50 mM Tris buﬀer, pH 7.5. Binding was monitored at 405 nm using
alkaline phosphatase labeled streptavidin (dilution 1/1000). Similarly,
plates were coated with G-actin and calponin binding was monitored
using anti-calponin antibodies [4] and alkaline phosphatase coupled
anti-IgG. Control assays were carried out in wells saturated with gela-
tin and gelatin hydrolysate used alone. Each assay was conducted in
triplicate and the mean value plotted after subtraction of nonspeciﬁc
absorption. The results were analyzed by non linear ﬁtting (Curve
Fit software developed by Raner) using the following equation:
A ¼ Amax  ½L=ðKd þ ½LÞ ð4Þ
In Eq. (4), A is the absorbance at 405 nm and L the ligand concentra-
tion. Additional details on the diﬀerent experimental conditions are
given in the ﬁgure legends.
2.4. Analytical methods
Protein concentrations were determined by UV absorbency using a
Varian MS100 spectrophotometer. A value A1%/277 = 11.3 was used
for calponin determination [4]. Extinction coeﬃcients were calculated
by tryptophan, tyrosine, and cysteine content. Calponin concentration
was also estimated by the Bradford assay.3. Results
3.1. Interaction of calponin with monomeric actin
The interaction of calponin with F-actin is well documented.
At low ionic strength, a stochiometry of 1:1 associated with an
apparent Kd in the lM range was previously reported [18,16].
In contrast, we show for the ﬁrst time that calponin interacts
with G-actin with approximately equal aﬃnity. Calponin was
coated on plastic and increasing concentrations of biotinylated
G-actin were added to the well of the microtiter plates. G-actin
Fig. 2. Binding of G-actin to acrylodan labeled calponin. (A) Emission
spectrum of acrylodan labeled calponin in 0.1 mM CaCl2, 0.1 mM
ATP, 0.03 M Tris buﬀer pH 7.5, (—). Calponin alone (0.09 lM), (- - - -),
calponin (0.09 lM) in the presence of G-actin (0.7 lM). The excitation
wavelength was set at 390 nm. (B) Interaction of acrylodan labeled
calponin (0.09 lM) with increasing concentrations of G-actin (between
0 and 1.9 lM). The change in the area (between 500 and 530 nm) of the
acrylodan emission spectrum was plotted versus actin concentrations.
(C) Binding of acrylodan labeled calponin (0.37 lM) with increasing
concentrations of G-actin (between 0 and 1.2 lM). The shift in the
emission ﬂuorescence spectra is plotted versus G-actin concentrations.
Inset, quantitative analysis of the above data for the interaction
between acrylodan labeled-calponin and G-actin was performed by
plotting 1/(1X) versus C/X*E where C corresponds to concentration
of G-actin expressed in lM and E to concentration of calponin ﬁxed at
0.37 lM [6]. The data ﬁt an extrapolated value of 22 nm for the
maximum emission shift.
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(Fig. 1A). Chymotryptic digestion leading to a speciﬁc cleav-
age between calponin 182 and 183 residues [4] was performed.
Two corresponding fragments of 22 and 13 kDa were ob-
tained. The 22 kDa fragment contain sequence (145–163) in-
cluded in ABS1 that has been cross-linked to actin ﬁlament
[4]. The 13 kDa C-terminal fragment in contrast possesses only
a part of ABS2 (183–189 sequence). However, the second actin
binding region (ABS2) also contained the other repeat do-
mains (CLIK23) [19]. As the 13 kDa fragment is unstable,
ELISA experiments were performed to test actin binding. Each
fragment was coated on plastic and increasing concentrations
of biotinylated actin were added to the well of the microtiter
plates. As shown in Fig. 1, actin interacted with 13 and
22 kDa fragments as expected because of the presence of an
actin site in each fragment. We have also found that synthetic
peptides corresponding to ABS1 and ABS2 of calponin bind
G-actin (Ferjani et al., unpublished observations). We have
also shown that calponin binds to G-actin immobilized on
microtiter plates (Fig. 1B).
Acrylodan labeled calponin was used to monitor the interac-
tion between G-actin and calponin. The association with G-ac-
tin is characterized by a large blue shift of the ﬂuorescence
emission spectrum without changes in its intensity (Fig. 2A).
We have measured the blue shift (Fig. 2C) as well as the
changes in the ﬂuorescence intensity changes at wavelengths
higher than 497 nm (Fig. 2B) and used these to monitor pro-
tein binding. Figs. 2B and C show that the binding takes place
in a saturable manner. Quantitative analysis of several
independent experiments gave an apparent Kd of 0.15
+/0.05 lM for both methods.
At a saturating concentration of G-actin, as determined from
experiments as in Fig. 2C, the blue shift is of 22 nm which sug-
gests that G-actin binding induced the transfer of the chromo-
phore (acrylodan) linked to calponin’s Cys273 into a more
hydrophobic environment. Such a shift is observed for the
model compound (acrylodan labeled mercaptoethanol in 80%Fig. 3. Eﬀect of the interaction of 1 lMG-actin with 1 lM dansylated
calponin on the ﬂuorescence emission spectrum. Experiments were
performed in G-buﬀer. Continuous line: calponin alone, broken line:
calponin + actin.
4804 I. Ferjani et al. / FEBS Letters 580 (2006) 4801–4806dimethylformamide [16]. This shift is similar to that reported
for F-actin-acrylodan calponin complex (21 nm) although a
large enhancement of ﬂuorescence was observed in this later
case. A stoichiometry of a 1 mole calponin per mole G-actin
was estimated from the above binding experiments (Fig. 2C).
The results obtained using acrylodan labeled calponin, were
comparable to the experiments were then performed by ELISA
with intact unlabelled, immobilized calponin (Fig. 1A) which
again indicates an apparent Kd in the 0.1–0.2 lM range. How-
ever, when G-actin was the immobilized partner an apparent
Kd of 1 lM was determined (Fig. 1B).
3.2. Determination of the distance between Cys273 of calponin
and Cys374 of G-actin
Fluorescence resonance energy transfer (FRET) was then
measured between dansyl coupled to Cys273 of calponin and
acetamidoﬂuorescein coupled to Cys374 of actin to calculate
the distance between the ﬂuorophores. Resulting from excita-
tion at 340 nm, the dansyl ﬂuorescence observed at 480 nmFig. 4. Energy transfer between dansylated calponin at Cys273 and ﬂuores
dansylated calponin alone (1 lM) or in the presence of ﬂuorescein labe
corresponding emission of labeled actin alone was subtracted from the calpon
of dansylated calponin alone. Continuous line: emission spectra of dansylate
between dansylated calponin at Cys273 and ﬂuorescein linked to G-actin Cy
presence of increasing labeled G-actin (between 0 and 1.2 lM). The ﬂuore
methods and was plotted against G-actin concentrations.was signiﬁcantly reduced whereas the emission of ﬂuorescein
at 520 nm was enhanced when G-actin and calponin are in
interaction (Fig. 4A). However we observe, as for acrylodan,
changes in the environment of dansylated 273 cysteine of
calponin upon actin binding (Fig. 3), ﬂuorescence increase at
520 nm was used for the quantiﬁcation. A concentration
dependant study of the eﬃciency of energy transfer was per-
formed using the method deﬁned in Section 2. The obtained
saturation curve (Fig. 4B), by extrapolation to inﬁnite concen-
tration, gives a maximal eﬃciency of 31 +/4%. Using the cal-
culated R0 value for energy transfer as 25.7 A˚ , a value of 29 A˚
was found for the distance between the AEDANS and acetam-
idoﬂuorescein probes.4. Discussion
The aﬃnity with which calponin binds F-actin has been
measured by a number of groups and signiﬁcantly diﬀerentcein linked to G-actin Cys374. (A) Fluorescence emission spectra of
led G-actin (0.6 lM) in G-buﬀer upon excitation at 340 nm. The
in –actin complex spectrum. Broken line: ﬂuorescence emission spectra
d calponn in the presence of FITC actin. (B) Energy transfer eﬃciency
s374. Dansylated calponin at 0.2 lM was incubated in G- buﬀer in the
scence transfer eﬃciency was calculated as described in material and
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0.046 lM [20], 0.19 lM[13], 0.32 lM [5], 0.8 lM [21]; <1 lM
[18], and 2 lM [16]. This disagreement seems to be mainly
due to diﬀerences in assumed stoichiometry and if cooperativ-
ity of binding is accounted for [22]. We have measured a Kd of
0.15 lM for G-actin, a similar and possibly higher aﬃnity
than the consensus for F-actin binding. However, when we
immobilised G-actin on microtiter plates and challenged it
with calponin we measured a lower aﬃnity (c1 lM). We attri-
bute the lower aﬃnity to immobilization of the G-actin on the
plate. Given the large concentrations of both actin and calpo-
nin in many cells and these relatively high aﬃnities, a signiﬁ-
cant fraction of these proteins are expected to form
complexes in cells.
Calponin has two contiguous actin binding sites [5] through
which it binds F-actin. Here we show that both these sites
also bind G-actin, as both the 22 kDa and the 13 kDa calpo-
nin fragments that are known to contain ABS1 and almost
all of ABS2, respectively bind G-actin. We have determined
the aﬃnity of these fragments for actin but these may not re-
ﬂect their actual aﬃnities for actin within the whole protein
as their context might well be diﬀerent. Calponin is known
to induce large conformational changes in F-actin [23] and
F-actin induces conformational changes to calponin [16]
upon binding which implies that large movements of calponin
sub-domains occur during the interaction. FRET has been
used to determine a distance of 29 A˚ between ﬂuorophores
attached to Cys273 of calponin and Cys374 of F-actin. We
have observed similar changes in conformational changes
when calponin binds G-actin and have also used FRET to
measure the distance between Cys273 of calponin and
Cys374 of G-actin. We have determined this to be 29 A˚ so
taken together it seems likely that calponin interacts with
G-actin in a similar manner in which it interacts with a
monomer within an actin ﬁlament. The similarity of binding
raises the possibility that calponin may act as a nucleator of
actin polymerisation and it has been reported [24] that calpo-
nin enhances actin polymerization in low ionic strength in
line with a weak nucleating activity. However we have failed
to show any such activity in our experiments (data not
shown). Despite the overall similarity in binding mode, we
have detected small diﬀerence between G and F actin bind-
ing. For example, calponin labeled with acrylodan and dansyl
ﬂuorophores showed ﬂuorescence changes when bound to G-
actin but not F-actin.
Although we have measured a high aﬃnity of calponin for
G-actin (Kd = 0.15 lM), the interaction could only occur if
suﬃcient G-actin existed in the cell. In fact despite the ionic
conditions of the cells greatly favouring actin polymerization,
it is known that in typical eukaryotic cells, about half of the
actin is in the monomeric form [25]. A comparatively small
group of monomer binding proteins such as proﬁlin, thymo-
sins and ADF/coﬁlins are responsible for sequestering the actin
in the monomeric form. These sequestering proteins are known
to bind actin predominantly through sub-domain 1 (reviewed
[26]). A number of studies implicate this same region of actin
in the calponin binding site [4,16,27] so it is unlikely that actin
bound by these sequestering proteins can bind calponin simul-
taneously. The signiﬁcance of our ﬁnding that calponin binds
monomeric actin in addition to its well known ability to bind
F-actin is not certain, but because of the relatively low level of
expression of calponin compared to actin, we do not think itlikely that the G-actin sequestering activity is a signiﬁcant
property of calponin. In agreement with this view, it has been
found that cells that overexpress calponin have more stable
actin ﬁlaments [28] rather than increased G-actin as a seques-
tering action would produce.
We suggest that instead of calponin sequestering G-actin, it
is possible that in fact G-actin is acting as a regulator of calpo-
nin. The binding of monomeric actin within the calponin reg-
ulatory region is likely to prevent it binding F-actin and a
number of other proteins that calponin binds to. One of these
binding partners is gelsolin, this interaction is mediated
through the same small region that encompasses the actin
binding sites, ABS1 and ABS2 and we have shown that calpo-
nin cannot bind gelsolin and F-actin simultaneously [6]. We
anticipate that the binding of G-actin will also prevent calpo-
nin binding to gelsolin, thereby preventing the formation of
the gelsolin calponin complex.
It is expected that the concentration of free monomeric actin
will be highest as the actin ﬁlament system is turning over as,
for example, as the cell expands a lammelopod. It is possible
that calponin is regulated by this pulse of monomeric actin
to perform a signaling function.
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